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INTRODUCTION 

PD  is  the  second  most  common  neurodegenerative  disease  with  a  prevalence  ~1 .5  million  people  in  the  United 
States.  Two  forms,  sporadic  and  familial,  are  recognized  with  the  sporadic  form  accounting  for  about  90%  of 
cases.  Of  the  six  characterized  familial  PD  genes  only  one,  LRRK2,  is  prevalent  in  sporadic  cases  [1,  2]. 
LRRK2  mutations  account  for  approximately  3%  of  familial  PD;  but  interestingly,  certain  mutations  in  LRRK2 
are  also  found  in  non-familial  PD.  Overall,  LRRK2  mutations  account  for  as  much  as  7-10%  of  all  PD  cases 
worldwide  [3,  4].  The  most  frequent  mutation  in  LRRK2  occurs  at  position  2019,  where  a  glycine  has  been 
changed  to  a  serine  (G2019S)  [5].  The  G2019S  mutation  lies  within  the  kinase  domain  of  LRRK2  and  results  in 
upregulated  kinase  activity,  causing  a  dominant  gain-of-function.  Additionally,  mutation  of  the  LRRK2  kinase 
domain  (kinase  dead  mutants)  diminishes  neurotoxicity  and  basal  kinase  levels  appear  to  be  required  for  the 
toxicity  of  all  LRRK2  mutants  [6].  As  the  G2019S  mutation  accounts  for  both  familial  and  non-familial  forms, 
efforts  to  develop  a  therapeutic  that  inhibits  LRRK2  kinase  activity  warrant  investigation.  In  this  application  we 
proposed  to  utilize  RNA  interference  technology  to  diminish  LRRK2  in  both  cell  culture  and  animal  models  of 
G2019S-mediated  neurotoxicity  to  establish  a  novel  therapy  for  PD.  To  this  end  we  proposed  the  following 
Specific  Aims:  1.  Inhibition  of  wild-type  LRRK2  and  G2019S  expression  using  small  interfering  RNAs  (siRNA); 
2.  In  vitro  inhibition  of  wild-type  LRRK2  and  G2019S  expression  using  shRNA  technology;  3.  In  vivo  inhibition 
of  wild-type  LRRK2  and  G2019S  expression  using  shRNA  technology. 


BODY 

In  YEAR  1,  we  have  accomplished  TOI  Inhibition  of  wild-type  LRRK2  and  G2019S  expression  using  small 
interfering  RNAs  (siRNA).  Specifically,  we  have  established  MN9DG2019S  and  MN9DLRRK2  doxycycline- 
inducible  cell  lines;  characterized  the  cell  lines  quantifying  cell  death  and  neurite  extension  changes  with 
LRRK2  overexpression;  identified  an  RNAi  that  attenuates  LRRK2  mRNA  and  protein  expression;  identified  an 
RNAi  that  attenuates  G2019S-mediated  neurite  extension  pathology;  demonstrated  that  G2019S-shRNA 
attenuates  G2019S  expression  but  not  wild-type  LRRK2  expression;  and  subcloned  and  expressed  shRNAs  in 
lentivirus  and  rAAV.  We  proposed  the  following  technical  objective  for  YEAR  1  &  YEAR  2:  TQ2  In  vitro 
inhibition  of  wild-type  LRRK2  and  G2019S  expression  using  shRNA  technology.  To  achieve  this  goal,  we  first 
evaluate  the  inhibition  of  LRRK2  expression  in  previously  established  MN9DG2019S  and  MN9DLRRK2  cells 
using  lentivirus  vectors  that  express  shRNA  p4  [7]  or  Scr  shRNA  (Control)  (Figure  1).  As  shown  in  Figure  1, 
shRNAp4  but  not  Scr  shRNA  expression  significantly  decreased  LRRK2  (3201 9S  but  not  wild  type  LRRK2 
mRNA  and  protein  levels  in  both  undifferentiated  and  differentiated  MN9D  cells.  These  results  demonstrated 
efficient  and  specific  inhibition  of  LRRK2  G2019S  expression  by  shRNAp4  in  vitro. 
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Figure  1.  Evaluation  of  shRNAp4-mediated 
allele  specific  knockdown  of  LRRK2  G2019S  in 
MN9DLRRK2G20i9s  cells.  MN9DG201 9S  cells 
were  plated  in  a  6-well  plate  and  transduced  with 
shRNAp4  or  Scr  shRNA  expressing  lentivirus  at  an 
MOI  of  50.  Cells  were  harvested  72  hours  after 
transduction  using  RNA/DNA/Protein  Purification 
Kit  (Norgen,  Cat.  #24000).  Quantitative  real-time 
RT-PCR  was  performed  to  measure  LRRK2  levels. 
(A)  The  shRNAp4  but  not  scrambled  shRNA  (Scr 
shRNA)  significantly  decreased  LRRK2  G2019S 
mRNA  levels  in  both  undifferentiated  and 
differentiated  MN9DLRRK2G2oi9s  cells.  Only  the  shRNAp4  exhibited  significant  decrease  in  LRRK2  mRNA  level  ( **p<0.01 , 
One-way  ANOVA).  Cell  differentiation  was  induced  by  treating  MN9DLRRK2G2oi9s  cells  with  2mM  sodium  butyrate  for  6 
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days  before  transduction.  Cells  were  then  processed  in  the  same  way  as  undifferentiated  cells.  Similar  to  undifferentiated 
cells,  only  the  shRNA  p4  exhibited  significant  decrease  in  LRRK2  mRNA  level  ( **p<0.01  One-way  ANOVA  ).  (B)  The 
shRNAp4  did  not  inhibit  wild  type  LRRK2  expression.  No  significant  difference  in  LRRK2  mRNA  level  was  observed  in 
these  experimental  groups.  Error  bars  indicate  the  standard  error  of  the  mean  and  represent  three  independent 
experiments.  (C)  Western  blot  analysis  showing  a  decrease  of  LRRK2  G2019S  protein  in  Lenti-shRNAp4  transduced 
MN9DLRRK2G2oi9s  cells.  Blots  were  probed  for  LRRK2  expression  using  a  mouse  monoclonal  anti-human  LRRK2 
antibody  (1:1,000  dilution;  NeuroMab,  Cat.  #75-253).  p-actin  is  used  as  a  loading  control.  Quantitative  determinations  of 
intensities  of  LRRK2  signals  normalized  to  P-actin  were  shown  at  the  bottom  of  the  western  blot.  (D)  Western  blot 
analysis  showing  no  change  of  wild  type  LRRK2  protein  in  Lenti-shRNAp4  transduced  MN9DLRRK2WT  cells.  P-actin  is 
used  as  a  loading  control.  Quantitative  determinations  of  intensities  of  LRRK2  signals  normalized  to  P-actin  were  shown  at 
the  bottom  of  the  western  blot. 


The  originally  proposed  outcome  measurement  for  shRNA  efficacy  was  decreased  cell  death.  However,  as  we 
reported  in  the  previous  annual  report,  we  did  not  observe  consistently  increased  cell  death  following 
overexpression  of  either  G2019S  or  WT  LRRK2  in  vitro,  which  precluded  the  use  of  this  assay  to  quantify 
shRNA  efficacy.  We  have  hence  used  an  alternative  measure  of  G2019S-mediated  pathophysiology  by 
examine  the  neurite  extension  of  sodium  butyrate  differentiate  MN9D  cells  since  LRRK2  G2019S 
overexpression  induced  a  robust  shortening  of  neurite  extension.  Transduction  with  lentiviral  shRNAp4  but  not 
the  Scr  shRNA  reversed  the  neuritic  shortening  in  DOX  induced,  sodium  butyrate  differentiated 
MN9DLRRK2G2oi9s  cells  (Figure  2). 


Figure  2.  Neurite  length  shortening  is  reversed  in 
MN9DG20i9s  cells  following  lenti-shRNAp4 
transduction.  MN9DLRRK2G2oi9s  cells  were  plated  on 
PEI  coated  12-mm  coverslips  in  a  24-well  plate  and 
differentiated  with  2mM  sodium  butyrate  for  6  days. 
Forty-eight  hours  before  transduction,  DOX  [250ng/mL] 
was  added  to  the  cells  to  induce  LRRK2  G2019S 
expression.  Seventy-two  hours  after  transduction,  cells 
were  fixed  and  immunocytochemically  stained  for  p- 
tubulin.  For  each  coverslip,  pictures  of  8  fields  were 
taken  and  lengths  of  all  neurites  were  measured  using 
Nikon  NIS  Elements  software.  MN9DLRRK2G2oi9s 
without  DOX  induction  (No  Dox)  was  used  as  a  control. 
**p<0.01  vs.  control;  One-way  ANOVA. 


Phosphorylation  at  Serine  910  and  Serine  935  of  LRRK  has  been  implicated  in  LRRK2  G2019S  pathology.  We 
showed  that  shRNAp4  expression  not  only  decreased  total  LRRK2  G2019S  protein  levels,  but  also  decreased 
Serine  910  and  Serine  935  phosphorylated  LRRK2  levels  (Figure  3A).  Serine  910  and  Serine  935 
Phosphorylated  LRRK2  wild-type  proteins  are  not  affected  by  shRNAp4  expression  (Figure  3B). 
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Figure  3.  The  shRNAp4  decreased 
Serine  910  and  Serine  935 
phosphorylated  LRRK2  G2019S 
proteins.  (A)  Western  blot  showing 
decreases  of  LRRK2  phosphorylation 
at  amino  acids  910  and  935  in  lenti- 
shRNAp4  transduced 

MN9DLRRK2G2oi9s  cells  but  not  in  (B) 
MN9DLRRK2wt  cells.  Blots  were 
probed  with  anti-LRRK2  p-S910  Rabbit 
monoclonal  antibody  (1:1000, 
Epticomics  #5098-1)  or  anti-LRRK2  p- 
S935  Rabbit  monoclonal  antibody 
(1:1000,  Epticomics  #5099-1). 
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The  above  results  are  included  in  a  manuscript  entitled  “Development  of  inducible  leucine-rich  repeat  kinase  2  (LRRK2) 
cell  lines  for  therapeutics  development  in  Parkinson’s  disease”,  which  has  been  accepted  for  publication  in 
Neurotherapeutics  in  July  2013. 

We  next  evaluated  the  efficiency  of  shRNAp4-mediated  inhibition  of  LRRK2  G2019S  expression  using  human 
PD  patient  fibroblasts.  The  LRRK2  G2019S  mutant  PD  patient  cells  and  normal  human  fibroblast  Cells  are 
originally  from  Coriell  Institute  Cell  Repositories.  Transient  or  stable  expression  of  shRNA  p4  but  not  Scr 
shRNA  diminished  LRRK2  G2019S  protein  levels  in  human  fibroblasts  in  an  allele  specific  manner  (Figure  4 


Figure  4.  The  shRNAp4  can  specifically  knockdown  LRRK2 
G2019S  expression  in  human  PD  patient  fibroblast  cells. 

Normal  human  fibroblasts  (HP  cells)  (A)  or  LRRK2  G2019S 
mutant  PD  patient  fibroblasts  (PD  cells)  (B)  cells  were 
transduced  with  Lentivirus  expressing  shRNAp4  or  Scr  shRNA. 
Cells  were  harvested  72  hours  after  transduction  for  Western  blot 
analysis.  Blots  were  probed  with  mouse  monoclonal  anti-human 
LRRK2  antibody  (1:1,000  dilution;  NeuroMab,  Cat.  #75-253). 


and  Figure  5B). 
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To  access  the  possible  off-target  effect  of  shRNA  p4,  we  established  stably  transduced  LRRK2  G2019S 
mutant  PD  patient  cells  expressing  shRNA  p4  or  Scr  shRNA  (Figure  5A).  The  PD-shRNAp4  cells  have  a 
consistent  lower  level  of  LRRK2  than  the  PD  cells  and  PD-Scr  shRNA  cells  (Figure  5B).  The  gene  expression 
profiles  of  the  PD  parental  cells,  PD-shRNAp4  cells,  and  PD-Scr  shRNA  cells  were  compared  using  Asymetrix 
microarray  assays.  Our  data  revealed  no  significant  difference  in  gene  expression  profiles  between  PD- 
shRNAp4  and  PD-Scr  shRNA  cells  (Figure  5C). 


Figure  5.  Accessing  shRNAp4  off-targets  by  Affymetrix  microarray  analysis.  (A)  The  pGreenPuro-shRNAp4  or 
pGreenPuro-Scr  shRNA  constructs  that  express  both  shRNA  and  GFP  were  delivered  into  PD  cells  by  lentivirus.  Stably 
transduced  cells  were  selected  by  puromycin  resistance  and  GFP  expression.  (B)  Western  blot  analysis  of  LRRK2 
expression  in  PD-shRNAp4,  PD-Scr  shRNA  and  the  parental  PD  cells.  (C)  Stably  transduced  PD  cells  and  the  parental 
PD  cells  were  harvest  for  total  RNA.  For  each  cell  line,  four  replicate  experiments  were  performed.  Limma-Venn  Diagram 
shows  no  significant  difference  between  PD-shRNAp4  (PD1P4)  and  PD-Scr  shRNA  (PDIScr)  gene  expressions. 


We  continued  to  work  on  TQ3  In  vivo  inhibition  of  wild-type  LRRK2  and  G2019S  expression  using  shRNA 
technology.  Our  objective  is  to  utilize  the  most  effective  shRNA  from  T02  and  rAAV  viral  vector  technology  to 
express  this  shRNA  in  vivo.  We  have  completed  the  production  of  rAAV-shRNAp4/GFP,  shRNAscr/GFP, 
shRNAp4/RFP,  and  shRNAscr/RFP.  With  an  improved  rAAV  production  protocol,  we  are  now  able  to  produce 
rAAV  with  a  viral  titer  as  high  as  1013  vg/mL,  which  should  guarantee  efficient  delivery  of  our  shRNA  constructs. 
We  next  tested  rAAV  delivery  of  shRNA  constructs  in  vivo  (Figure  6). 
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Figure  6.  The  rAAV-shRNAp4/GFP  expression  in  the  striatum 
of  mouse  brain.  C57BL6  mouse  received  5  pi  of  rAAV- 
shRNAp4/GFP  stereotaxic  brain  injection  at  right  striatum 
(posterior  to  bregma  0.86mm,  lateral  to  midline  1.8mm,  ventral  to 
surface  of  skull  3.5mm).  Seven  days  after  injection,  the  animals 
were  perfused  and  the  brains  were  sectioned  coronally  on  a 
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freezing  sliding  microtome  at  40  pm  through  the  entire  brain  and  the  sections  were  stored  in  glycol  anti-freeze  solution  at 
-20°C  till  further  processing.  Immunohistochemistry  was  performed  on  free-floating  sections.  Every  12th  brain  section  was 
chosen  for  NeuN  and  DAPI  staining.  (A)  Overall  view  of  a  brain  section  showing  the  distribution  of  the  rAAV  expression. 
(B)  Co-focal  microscopy  image  detailing  rAAV  expression  at  cellular  level. 

As  we  originally  proposed,  we  are  in  the  process  of  developing  rodent  models  that  expresses  human  LRRK2 
G2019S  to  test  the  efficiency  of  shRNAp4  in  vivo.  We  plan  to  use  two  rodent  models;  the  first  one  is  a 
Lentiviral-mediated  human  LRRK2  expression  on  a  rat  LRRK2  knockout  background,  the  second  is  a  BAC 
human  LRRK2  transgenic  rat  model  also  on  a  LRRK2  knockout  background.  In  the  first  model,  we  decided  to 
co-deliver  human  LRRK2  G2019S/GFP  expressing  lentivirus  construct  and  shRNA/RFP  expressing  rAAV 
construct  into  LRRK2  knockout  rats.  To  achieve  this  goal,  we  constructed  C-terminal  3XFLAG  tagged  N- 
terminal  truncated  LRRK2  G2019S  (dNLRRK2  G2019S,  amino  acids  1328  -  2527)  lentivirus  constructs  to 
improve  LRRK2  G2019S  expression.  This  truncated  protein  retained  the  C-terminal  ROC,  COR,  Kinase,  and 
WD40  domains  of  LRRK2  [8].  Since  there  is  no  reliable  LRRK2  antibody  currently  for  immunohistochemistry 
(IHC),  the  3XFLAG  tag  allows  us  to  directly  detect  LRRK2  expressed  in  vivo  via  IHC.  To  achieve  optimal 
expression  of  dNLRRK2  G2019S  in  neuronal  cells  in  vivo,  we  replaced  the  original  cytomegalovirus  (CMV) 
promoter  on  the  lentiviral  vector  with  human  phosphoglycerate  kinase  (hPGK)  promoter  or  with  human  neuron- 
specific  enolase  (hNSE)  promoter,  which  expresses  more  efficiently  in  neurons  [9,  10].  We  have  tested  the 
lentivirus  vectors  for  dNLRRK2  G2019S  expression  in  human  293T  cells  and  observed  robust  dNLRRK2 
G2019S  levels  in  hPGK-dNLRRK2  vector  transfected  cells  with  both  anti-FLAG  antibody  and  anti-LRRK2 
antibody  (Figure  7).  The  hNSE-dNLRRK2  vector  did  not  express  in  human  293T  cells  owing  to  the  use  of  the 
neuronal  specific  NSE  promoter.  Lentiviruses  carrying  these  vectors  have  been  produced.  We  are  currently  in 
the  process  of  examining  dNLRRK2  expression  in  mouse  and  rat  models. 


LRRK2 
FLAG 
P -Act  in 


Figure  7.  Evaluation  of  dNLRRK2  G2019S  expression  vectors  with  different 
promoters  in  human  293T  cells.  Human  293T  cells  are  seeded  in  12-well  plates 
at  2.5X1 05  cells/well.  Cells  were  transfected  with  plasmids  pCDH-CMV- 
dNLRRK2G2019S,  pCDH-hNSE-dNLRRK2G2019S  and  pCDH-hPGK- 
dNLRRK2GS.  Forty-eight  hours  after  transfection,  Cells  were  harvested  with  RIPA 
buffer  and  ran  on  a  4-12%  PAGE  gel  for  Western  blot  analysis.  Blots  were  probed 
with  anti-FLAG  (1:1000,  Sigma),  anti-LRRK2  (1:1000,  NeuroMab),  and  anti-p-Actin 
(1 :2000,  Abeam)  antibodies. 


As  a  proof  of  concept,  we  tested  the  co-transduction  of  rAAV  and  lentivirus  in  human  HT1080  cells.  As  shown 
in  Figure  8A  (bottom  right  panel),  we  were  able  to  locate  cells  that  expressing  both  shRNAp4  and  dNLRRK2 
G2019S  with  the  RFP  and  GFP  markers  located  on  the  vectors.  Co-transduction  of  rAAV-shRNAp4  with  lenti- 
dNLRRK2  was  able  to  reduce  dNLRRK2  G2019S  protein  levels  (Figure  8B,  lentivirus:rAAV  ratio  at  1:20). 
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Figure  8.  Co-transduction  of  Lenti-dNLRRK2  G2019S  and  AAV2-shRNAp4.  HT1080  cells  were  plated  in  6-well  plates 
and  co-transduced  with  Lenti-dNLRRK2  G2019S  and  rAAV2-shRNAp4.  (A)  Both  lentivirus  and  AAV  were  expressed  in 
HT1080  cells.  Arrow  heads  indicate  cells  with  both  dNLRRK2  and  shRNAp4  expression.  (B)  Western  blot  analysis  for 
LRRK2  levels  in  lentivirus  and  AAV  co-transduction  HT1080  cells.  A  reduction  of  LRRK2  protein  levels  were  observed  in 
cells  co-transduced  with  lentivirus:rAAV  ratio  at  1 :20. 
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We  recently  acquired  hBACLRRK2G2019S  rats  (hemizygous;  background:  Sprague  Dawley)  from  the  Oxford 
Parkinson’s  Disease  Centre  (OPDC).  hBAC  trangenic  rats  carry  the  G2019S  mutant  form  of  the  LRRK2 
genomic  locus  tagged  with  a  fluorescent  marker.  The  lines  show  robust  expression  of  LRRK2  with  a  correct 
spatial  pattern  identified  by  direct  fluorescence  imaging  and  immunohistochemistry  (Figure  9).  We  will  use 
these  animals  as  an  additional  model  to  investigate  the  efficiency  of  shRNAp4  in  vivo 

Figure  9.  Construction  and  characterization  of  human 
BAC  transgenic  rats  carrying  the  LRRK2  G2019s 
allele  (obtained  from  OPDC).  Characterisation  of 
novel  BAC  transgenic  rat  lines  expressing  wild-type 
or  mutant  forms  of  LRRK2.  (A)  A  BAC  clone 
carrying  the  complete  genomic  locus  of  LRRK2  was 
modified  to  incorporate  a  5'  YPet  fluorescent  tag  to 
express  a  YPet-LRRK2  fusion  protein.  The  BACs 
express  either  the  wild-type  protein,  or  were 
engineered  to  express  the  G2019S  or  R1441C 
disease-associated  mutation.  (B)  Transgenic  rat 
lines  express  the  LRRK2  transgene  robustly  as 
detected  by  either  anti-GFP  or  anti-LRRK2 
antibodies  on  western  blot.  (C)  LRRK2-YPet 
expression  is  visible  in  transgenic  rats  by  direct 
fluoresence  imaging  in  cortical  neurons.  (D) 
Dopaminergic  neurons  in  the  substantia  nigra  of 
transgenic  rats  express  LRRK2,  TH  and  alpha- 
synuclein  by  immunohistochemistry. 

and  are  currently  preparing  a  manuscript  that 

includes  the  data  from  T02.  We  have  met  the  objectives  for  YEAR  2.  Furthermore,  we  are  in  standing  to 
complete  our  goals  for  YEAR  3. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Demonstrated  efficient  and  specific  inhibition  of  LRRK2  G2019S  expression  by  shRNA  p4  in  MN9D 
cells  and  human  PD  patient  fibroblasts. 

•  Demonstrated  that  Inhibition  of  LRRK2  G2019S  expression  by  shRNA  p4  rescued  the  neurite  extension 
shortening  in  Dox-induced  MN9D  G2019S  cells. 

•  Showed  that  shRNA  p4  also  reduced  the  levels  of  LRRK2  Serine  910  and  Serine  935  phosphorylation. 

•  Evaluated  the  possible  off-target  effects  of  shRNA  p4  using  Affymetrix  microarray  assays  and  showed 
no  obvious  off-targets. 

•  Constructed  lentiviral  truncate  LRRK2  G2019S  vectors  with  neuron  specific  promoters. 

•  Examined  the  efficiency  of  LRRK2  inhibition  in  vitro  with  co-transduced  rAAV-shRNAp4  and  Lenti- 
dNLRRKG2019S. 

•  Produced  high  quality  rAAV-shRNA  vectors  and  truncate  LRRK2  G2019S  lentivirus  for  in  vivo  study. 

REPORTABLE  OUTCOMES 

1 .  Abstracts 

Huang  L,  Su  X,  Wang  J,  Maguire-Zeiss  K,  and  Federoff  HJ.  (2013),  RNA  Interference-Based  Gene  Therapy  for 
Parkinson's  Disease  Using  shRNA  That  Specifically  Targeting  the  LRRK2  G201 9S  Allele.  Mol.  Ther.  21  :S1 76. 
16th  Annual  Meeting  of  the  American  Society  of  Gene  &  Cell  Therapy,  May  15-18,  2013,  Salt  Lake  City,  Utah. 

2.  Publications 

Huang  L,  Shimoji  M,  Wang  J,  Shah  S,  Kamila  S,  Biehl  ER,  Lim  S,  Chang  A,  Maguire-Zeiss  KA,  Su  X,  and 
Federoff  HJ,  (Accepted,  Neurotherapeutics),  Development  of  Inducible  Leucine-Rich  Repeat  Kinase  2  (LRRK2) 
Cell  Lines  for  Therapeutics  Development  in  Parkinson’s  Disease. 
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In  conclusion,  we  have  published  our  data  from  TOI 
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3.  Manuscript  under  preparation 

Huang  L,  Su  X,  Wang  J,  Maguire-Zeiss  K,  and  Federoff  HJ.  “Allelle  specific  targeting  of  LRRK2  G2019S  with 
shRNA-induced  RNA  interference  as  a  potential  therapeutics  for  Parkinson’s  disease”. 

4.  Development  of  cell  lines 

Stably  transduced  LRRK2  G2019S  PD  patient  fibroblasts  that  express  shRNA  p4  or  Scr  shRNA. 

CONCLUSION 

In  conclusion,  we  have  made  substantial  progress  on  this  project.  We  have  published  our  data  generated  in 
Year  1  in  the  journal  Neurotherapeutics.  We  met  the  technical  objectives  for  T02  as  we  originally  outlined  for 
Year  2  of  this  project.  We  have  shown,  in  concept,  that  our  system  is  valid  to  evaluate  the  shRNAp4  in  animal 
models.  We  have  made  important  progress  to  establish  a  LRRK2  G2019S  rodent  model  for  this  purpose,  “so 
what  section”:  The  work  presented  here  demonstrated  that  the  shRNAp4  can  attenuate  LRRK2  G2019S  in 
mouse  and,  importantly,  human  PD  patient  cells.  In  addition,  our  preliminary  work  showed  robust  expression  of 
the  rAAV-shRNAp4  vectors  in  vivo.  Work  in  Year  3  will  test  how  effectively  rAAV-delivered  shRNAs  attenuate 
LRRK2  G2019S  in  animal  models. 
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Q5  16  Abstract  The  pathogenic  mechanism(s)  contributing  to  loss 

17  of  dopamine  neurons  in  Parkinson’s  disease  (PD)  remain 

18  obscure.  Leucine-rich  repeat  kinase  2  ( LRRK2 )  mutations 

19  are  linked,  as  a  causative  gene,  to  PD.  LRRK2  mutations  are 

20  estimated  to  account  for  1 0  %  of  familial  and  between  1  %  and 

21  3  %  of  sporadic  PD.  LRRK2  proximate  single  nucleotide 

22  polymorphisms  have  also  been  significantly  associated  with 

23  idiopathic/sporadic  PD  by  genome-wide  association  studies. 

24  LRRK2  is  a  multidomain-containing  protein  and  belongs  to 

25  the  protein  kinase  super- family.  We  constructed  two  inducible 

26  dopaminergic  cell  lines  expressing  either  human-LRRK2- 

27  wild-type  or  human-LRRK2-mutant  (G2019S).  Phenotypes 

28  of  these  LRRK2  cell  lines  were  examined  with  respect  to  cell 

29  viability,  morphology,  and  protein  function  with  or  without 

30  induction  of  LRRK2  gene  expression.  The  overexpression  of 

31  G2019S  gene  promoted  1)  low  cellular  metabolic  activity 

32  without  affecting  cell  viability,  2)  blunted  neurite  extension, 

33  and  3)  increased  phosphorylation  at  S910  and  S935.  Our 

34  observations  are  consistent  with  reported  general  phenotypes 


Liang  Huang  and  Mika  Shimoji  Joint  first  authors. 

Electronic  supplementary  material  The  online  version  of  this  article 
(doi:l  0.1 007/s  133 11  -01 3 -0208-3)  contains  supplementary  material, 
which  is  available  to  authorized  users. 

L.  Huang  •  M.  Shimoji  •  J.  Wang  •  S.  Lim  •  A.  Chang  • 

K.  A.  Maguire-Zeiss  •  X.  Su  •  H.  J.  Federoff  (E3) 

Department  of  Neuroscience,  Georgetown  University  Medical 
Center,  Washington,  DC,  USA 
e-mail:  hjf8@georgetown.edu 

S.  Shah  •  H.  J.  Federoff 

Department  of  Neurology,  Georgetown  University  Medical  Center, 
Washington,  DC,  USA 

S.  Kamila  •  E.  R.  Biehl 

Department  of  Chemistry,  Southern  Methodist  University,  Dallas, 

TX,  USA 


in  LRRK2  cell  lines  by  other  investigators.  We  used  these  cell  35 
lines  to  interrogate  the  biological  function  of  LRRK2,  to  eval-  36 
uate  their  potential  as  a  drug-screening  tool,  and  to  investigate  37 
screening  for  small  hairpin  RNA-mediated  LRRK2  G2019S  38 

gene  knockdown  as  a  potential  therapeutic  strategy.  A  proposed  39 
LRRK2  kinase  inhibitor  (i.e.,  IN-1)  decreased  LRRK2  S910  40 

and  S935  phosphorylation  in  our  MN9DLRRK2  cell  lines  in  a  41 
dose-dependent  manner.  Lentivims-mediated  transfer  of  42 


LRRK2  G2019S  allele-specific  small  hairpin  RNA  reversed  43 
the  blunting  of  neurite  extension  caused  by  LRRK2  G2019S  44 

overexpression.  Taken  together,  these  inducible  LRRK2  cell  45 
lines  are  suitable  reagents  for  LRRK2  functional  studies,  and  46 
the  screening  of  potential  LRRK2  therapeutics.  47 

Keywords  Parkinson’s  disease  (PD)  •  Leucine-rich  repeat  48 

kinase  2  (LRRK2)  •  Dopaminergic  cell  lines  •  RNAi  •  Kinase  49 
assay  •  Cell  viability  50 

Introduction  51 


The  pathogenic  mechanisms  that  cause  the  loss  of  dopamine  52 
neurons  in  Parkinson’s  disease  (PD)  remain  obscure.  Leucine-  53 
rich  repeat  kinase  2  ( LRRK2)/Dardarin  mutations  are  linked,  54 
as  a  causative  gene,  to  PD  [1-4].  LRRK2  mutations  are  esti-  55 
mated  to  account  for  10  %  of  familial  and  between  1  %  and  56 
3  %  of  sporadic  PD  [5-10].  LRRK2  proximate  single  nucleo-  57 
tide  polymorphisms  have  also  been  significantly  associated  58 
with  idiopathic/sporadic  PD  by  genome-wide  association  59 
studies  [3,  4,  11].  LRRK2  is  a  multi-domain  containing  pro-  60 
tein  and  belongs  to  the  protein  kinase  super- family  [12,  13].  61 

The  6  domains  include:  ankyrin  repeats,  leucine-rich  repeats,  a  62 
guanosine  triphosphate-binding  Ras  of  complex  protein  63 
(ROC),  a  carboxy-terminal  of  ROC,  a  kinase  domain,  and  a  64 
WD40  domain  [14].  There  are  several  variant  forms  of  65 
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66  LRRK2  harboring  mutations  in  different  domains  [1,  3], 

67  among  which,  the  R1441C/G/H,  Y1669C,  I2020T,  and 

68  G2019S  mutations  are  known  to  be  associated  with  PD  [15]. 

69  These  mutations  are  located  within  the  ROC-carboxy-termi- 

70  nal  of  ROC-kinase  domain  of  the  LRRK2  protein,  affecting 

71  the  guanosine  triphosphatase  or  the  kinase  activity;  however, 

72  it  is  unclear  how  these  changes  influence  the  normal  functions 

73  of  wild-type  (WT)  LRRK2  [16].  However,  the  most  frequent 

74  mutation  is  a  single  nucleotide  mutation  causing  an  amino 

75  acid  substitution  of  glycine  to  serine  (G2019S)  [8,  11,  17]. 

76  This  G2019S  mutation  leads  to  increased  LRRK2  kinase 

77  activity  [18-21].  Importantly,  an  inactivating  mutation  of  the 

78  LRRK2  kinase  domain,  in  concert  with  the  G20 19S  mutation, 

79  has  been  shown  to  decrease  neurotoxicity  [13],  thus  implicat- 

80  ing  increased  kinase  activity  as  one  of  the  mechanisms  of 

81  LRRK2-associated  PD  pathogenesis. 

82  Although  the  exact  biological  function(s)  of  LRRK2  and  its 

83  role  in  biochemical  pathways  are  under  investigation,  several 

84  potential  substrates  have  been  identified,  including  LRRK2, 

85  Aktl,  ezrin/radxin/moesin  (ERM)  proteins,  (3 -tubulin,  eukary- 

86  otic  initiation  factor  4E-binding  protein  1 ,  and  mitogen-activated 

87  kinase  3,  4,  6,  and  7  [13,  22-34].  The  functional  implications  of 

88  the  majority  of  these  potential  substrates  with  respect  to  LRRK2 

89  patho-  and  physiological  actions  remain  uncertain.  However,  the 

90  work  of  Sheng  et  al.  [34]  has  directly  implicated  LRRK2 

91  Seri 292  in  pathogenic  effects  in  cultured  cells. 

92  As  the  LRRK2  G2019S  mutation  is  causal  and  contributo- 

93  ry  to  familial  and  sporadic/idiopathic  PD  respectively,  togeth- 

94  er  accounting  for  ~2  %  of  all  PD  in  the  North  American  and 

95  UK  population  [7,  8]  and  20-40  %  in  certain  populations 

96  [35-37],  the  development  of  models  that  may  be  predictive 

97  in  the  prosecution  of  new  therapeutics  is  meritorious.  Advanc- 

98  ing  the  development  of  both  small  molecules  and  biologies  for 

99  PD  requires  cellular  models  in  which  the  varying  and  stable 

100  levels  of  a  putative  pathogenic  gene  product  can  be  studied. 

101  Ideally,  these  studies  should  be  undertaken  in  a  dopaminergic 

102  background.  In  parallel,  the  examination  of  the  WT  form  of 

103  the  gene  product  in  an  identical  context  is  required  to  ascribe 

104  the  distinct  pathogenic  effects  owing  to  the  mutant  form. 

105  Finally,  the  cellular  models  should  prove  useful  for  the  dem- 

106  onstration  that  candidate  therapeutics  protect  or  reverse  the 

107  pathogenic  action  due  to  putative  mutant  gene  product. 

108  In  an  effort  to  develop  candidate  therapeutics  targeting 

109  LRRK  G2019S  we  constmcted  two  inducible  dopaminergic 

110  MN9D  cell  lines  expressing  either  human  LRRK2-WT  or 

111  human  LRRK2-mutant  (G2019S),  each  co-expressing  green 

112  fluorescent  protein  (GFP).  These  LRRK2  cell  lines  were 

113  examined  for  cell  viability,  morphology,  and  LRRK2  func- 

114  tions  with  or  without  induction  of  gene  expression  [38].  In 

115  addition,  we  used  these  cell  lines  to  investigate  a  previously 

116  described  LRRK2  kinase  inhibitor,  IN-1  [38]  and  small  hair- 

117  pin  RNA  (shRNA)-mediated  LRRK2  G2019S  gene  silencing. 

118  Our  data,  reported  herein,  indicate  that  these  inducible 


LRRK2  cell  lines  are  suitable  for  the  study  of  LRRK2  func-  119 
tion  and  for  screening  potential  LRRK2  targeted  therapeutics.  120 

Materials  and  Methods  121 

Reagents  and  Chemicals  122 

Lipofectamine  2000,  real-time  polymerase  chain  reaction  (PCR)  1 23 
universal  human  LRRK2  probe  and  Alexa-594  conjugated  goat  124 
anti-rabbit  IgG  antibody  (Ab)  were  from  Life  Technologies  125 
(Grand  Island,  NY,  USA).  Sodium  bicarbonate,  hygromycin,  126 
Dulbecco’s  Modified  Eagle  Medium,  doxycycline  (DOX),  so-  127 
dium  butyrate,  4’,6-diamidino-2-phenylindole,  and  trypan  blue  128 
solutions  were  from  Sigma-Aldrich  (St.  Louis,  MO,  USA).  The  129 
MTS  cell  viability  CellTiter  96  AQueous  assay  kit  was  from  130 
Promega  (Madison,  WI,  USA).  Rabbit  monoclonal  antihuman  131 
LRRK2  Ab,  rabbit  monoclonal  antihuman  phospho-LRRK2  132 
S910  Ab,  and  rabbit  monoclonal  antihuman  phospho-LRRK2  133 
S935  Ab  were  from  Epitomics  (Burlingame,  CA,  USA).  Rabbit  134 
polyclonal  antibeta  tubulin  III  Ab  was  from  Covance  (Chantilly,  135 
VA,  USA).  Horseradish  peroxidase  (HRP)-conjugated  goat  anti-  136 
rabbit  IgG  and  HRP-conjugated  goat  anti-mouse  IgG  secondary  137 
Abs  were  from  Jackson  ImmunoResearch  (West  Grove,  PA,  138 
USA).  Mouse  monoclonal  anti-glyceraldehyde  3-phosphate  de-  139 
hydrogenase  (GAPDH)  Ab  was  from  Millipore  (Billerica,  MA,  140 
USA).  Rabbit  monoclonal  pan-Akt  (C67E7),  rabbit  polyclonal  141 
phosphor-Akt  (Ser473),  and  rabbit  polyclonal  ERM,  rabbit  142 
monoclonal  phospho-Ezrin(Thr567)/Radixin(Thr564)/Moesin  143 
(Thr558)  (41A3)  Abs  were  from  Cell  Signaling  Technology  144 


(Danvers,  MA,  USA).  145 

Chemical  Synthesis  146 

IN-1  was  synthesized  as  described  by  Deng  et  al.  [38].  147 

DNA  Plasmids  148 


The  full-length  human  LRRK2  WT  or  G2019S  genes  (7.6  kb)  149 
were  subcloned  in  the  vector  plasmid  with  IRESeGFP,  150 
pBig2iFLAGSocs6IRES2eGFP  plasmid,  as  described  previ-  151 
ously  [39^-1].  152 

Stable  Cell  Lines  153 

A  mouse  midbrain  cell  line,  MN9D  [42],  was  used  for  the  154 
LRRK2  stable  cell  line  constmction.  MN9D  cells  were  cul-  155 
tured  in  Dulbecco’s  Modified  Eagle  Medium  supplemented  156 
with  1 0  %  fetal  bovine  serum,  and  3 .7  g/L  sodium  bicarbonate  157 
at  37  °C,  5  %  carbon  dioxide.  MN9D  cells  were  transfected  158 
with  plasmid  constructs  that  overexpress  full-length  human  159 
LRRK2  WT  or  mutant  (G2019S)  and  GFP  under  the  control  160 
of  a  tetracycline-inducible  promoter.  Low  passage  number  161 
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162  MN9D  cells  (<  6  passage)  were  used  for  Lipofectamine  2000- 

163  mediated  transfection  of  the  LRRK2  WT  or  G2019S  DNA 

164  according  to  the  manufacturer’s  specification.  Transfected  cells 

165  were  selected  with  hygromycin  (500  qg/mL).  These  constructs 

166  also  express  GFP  (eGFP)  using  an  internal  ribosome  entry 

167  sequence  (IRES).  LRRK2  WT,  G2019S,  and  eGFP  expression 

168  was  induced  with  addition  of  DOX  (2  qg/mL).  Cell  colonies 

169  with  eGFP  expression  were  selected,  expanded,  sorted  (fluores- 

170  cence-activated  cell  sorting),  and  confirmed  for  LRRK2  WT  or 

171  G2019S  expression. 

172  Western  Blotting 

173  Total  protein  from  MN9DLRRK2WT  and  MN9DLRRK2G20i9s 

Q7  174  cells  was  extracted  in  RIPA  buffer  (50  mM  Tris-hydrochloric 

175  acid,  pH  7.4;  1  %  NP-40;  0.25  %  sodium  deoxycholate; 

176  150  mM  sodium  chloride)  containing  protease  inhibitors  (1  mM 

177  ethylenediaminetetraacetic  acid;  1  mM  phenylmethylsulphonyl 

178  fluoride)  or  using  a  RNA/DN A/Protein  Purification  Kit 

179  (Norgen,  Thorold,  ON,  Canada).  Equal  amounts  of  total 

180  protein  (20  qg)  from  each  sample  were  subjected  to  dena- 

181  turing  polyacrylamide  gel  electrophoresis  [4-20  %  Bis-Tris 

182  gradient  gel  (BioRad,  Hercules,  CA,  USA)  or  NuPAGE  No  vex 

183  3-8  %  Tris- Acetate  Gel  (Life  Technologies)].  LRRK2  protein 

184  expression  levels  were  detected  using  a  rabbit  polyclonal  anti- 

185  human  LRRK2  antibody  (1 :5000  dilution;  Epitomics/MJFF#2 

186  [c41-2])  followed  by  incubation  with  HRP-conjugated  goat 

187  anti-rabbit  IgG  secondary  antibody  (1:2000)  and  chemilumi- 

188  nescent  detection  (Perkin  Elmer,  Waltham,  MA,  USA).  Other 

189  Abs  used  were  GAPDH  (1:20,000),  rabbit  polyclonal  anti- 

190  human  phospho-LRRK2  S910  and  S935  antibodies  (1:5000), 

191  rabbit  monoclonal  pan-Akt  (C67E7)  (1 : 1000),  rabbit  polyclon- 

192  al  anti-phospho-Akt  (Ser473)(l :  1000),  rabbit  polyclonal  ERM 

193  Ab  (1:1000),  rabbit  monoclonal  anti-phospho-Ezrin(Thr567)/ 

194  Radixin(Thr5 64)/Moesin(Thr5 5 8)  (41  A3)  Ab  (1:1000),  and 

195  rabbit  anti-4E-binding  protein  1  Ab  (1:1000). 

196  Immunocytochemistry  and  Neurite  Extension  Assay 

197  MN9DLRRK2Q2oi9s  or  MN9DLRRK2WT  5  x  104  cells/well 

198  were  plated  on  polyethylenemine-coated  coverslips  and  dif- 

199  ferentiated  for  6  days  with  2  mM  sodium  butyrate.  On  day  6, 

200  DOX  was  added  to  induce  GFP  and  LRRK2  WT  or  G2019S 

201  expression.  Forty-eight  hours  after  the  addition  of  DOX,  cells 

202  were  fixed  in  a  4  %  paraformaldehyde,  4  %  sucrose  solution, 

203  permeabilized  in  0.1  %  Triton-X- 100/PBS,  and  blocked  in 

204  10  %  normal  goat  semm.  Cells  were  probed  with  LRRK2  Ab 

205  (1:50)  or  rabbit  polyclonal  antibeta-tubulin  III  Ab  (1:2000) 

206  followed  by  Alexa-594-conjugated  goat  anti-rabbit  IgG  Ab 

207  (1:200)  and  4’,6-diamidino-2-phenylindole  (300  nM)  staining. 

208  The  fluorescent  labeled  images  were  captured  and  analyzed 

209  with  Axio Vision  software  equipped  AxioPlan2  Zeiss  fluores- 

210  cent  microscope  (Carl-Zeiss,  Thomwood,  NY,  USA).  For 
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neurite  measurements,  MN9DLRRK2G2oi9s  cells  were  plated  211 
on  polyethylenemine-coated  12-mm  coverslips  in  a  24-well  212 
plate  and  differentiated  with  2  mM  n-butyrate  for  6  days.  213 
DOX  (250  ng/mL)  was  added  to  induce  LRRK2  G2019S  ex-  214 
pression  for  48  h.  Cells  were  treated  with  IN-1  or  transduced  215 
with  lenti-shRNA  and  subjected  to  immunocytochemical  stain-  216 
ing  as  described  above.  Pictures  of  8  fields  were  taken  for  each  217 
sample  and  lengths  of  all  beta-tubulin  Il-positive  neurites  were  218 
measured  with  Nikon  NIS  Elements  software.  About  40-100  219 

neurites  was  measured  for  each  condition.  220 

RNA  Interference  With  Lenti-shRNA  221 

The  shRNA  p4  was  designed  according  to  the  published  222 
LRRK2  G2019S  allele-specific  p4  sequence  [43].  The  shRNA  223 
p4  sequence  5  ’-GAGATTGCTGACTGCAGTACCTGACC  224 
CATGCTGTAGTCAGCAATCTCTT-3’  and  the  scrambled  225 
shRNA  (shRNA)  sequence  5  ’ -GGAATACGTACGGCTTAGT  226 
CCTGACCCAACT  AAGCCGTACGTATTCCTT-3’  were,  227 
respectively,  cloned  into  the  pENTR6/U6  vector  (Life  Tech-  228 
nologies)  and  then  subcloned  into  the  pLenti6-/BLOCK-iT-  229 
DEST  vector  (Life  Technologies)  via  Gateway  cloning.  The  230 
resulting  plasmids  were  sequenced  to  confirmed  accuracy.  231 
Lentivims  was  packaged  in  293  T  cells  by  cotransfecting  232 
the  cells  with  the  above  pLenti6-shRNA  vectors  and  the  233 

ViraPower  Packaging  Mix  (Life  Technologies)  according  to  234 
the  manufacturer’s  specifications.  MN9DLRRK2G2019S  and  235 
MN9DLRRK2wt  cells  were  plated  in  a  6-well  plate  and  trans-  236 
duced  with  shRNAp4  or  scrambled  shRNA-expressing  lenti-  237 
virus  at  a  multiplicity  of  infection  of  50.  MN9DLRRK2WT  238 
cells  were  induced  with  250  ng/mL  DOX  before  transduction  239 
owing  to  a  very  low  level  of  LRRK2  WT  expression.  Cells  240 
were  harvested  72  h  after  transduction  using  a  RNA/DNA/  241 
Protein  Purification  Kit  (Norgen  Biotek).  Quantitative  real-  242 
time  reverse  transcription-PCR  was  performed  to  measure  243 
LRRK2  mRNA  levels  with  universal  human  LRRK2  probe  244 
(Life  Technologies)  and  Applied  Biosystems  7900HT  Fast  245Q8 
Real-Time  PCR  System.  For  each  sample,  1  qg  of  total  RNA  246 
was  used  for  complementary  DNA  synthesis.  All  data  were  247 


normalized  to  mouse  GAPDH  expression  as  an  internal  con-  248 
trol.  Expression  of  shRNA  was  inferred  from  positive  expres-  249 
sion  of  the  blasticidin  gene  within  the  same  construct.  The  250 
LRRK2  protein  expression  levels  were  examined  by  western  251 
blot  assays  as  described  above.  252 

Results  253 

Human  LRRK2  Protein  Expression  in  MN9DLRRK2  Stable  254 
Cell  Lines  with  Doxycycline  Induction  255 


Full-length  complementary  DNA  of  LRRK2WT  or  256 
LRRK2G2019S  was  amplified  by  high-fidelity  PCR  and  257 
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258  cloned  into  the  pBig2iFLAGSocs6IRES2eGFP,  which  is  a 

259  tetracycline-responsive  autoregulated  bi-directional  expres- 

260  sion  vector  with  an  IRESeGFP  cassette  [39,  40].  Stably 

261  transfected  human  LRRK2  inducible  cell  lines  were  examined 

262  first  for  GFP  expression  and  followed  by  fluorescence- 

263  activated  cell  sorting  for  GFP  expression.  Selected  GFP- 

264  positive  cells  were  expanded  and  confirmed  for  LRRK2  gene 

265  and  protein  expression.  Undifferentiated  MN9DLRRK2Wt 

266  cells  were  induced  with  increasing  concentrations  of  DOX 


(ranged  from  0  to  4000  ng/mL)  for  48  h.  The  transcription  and  267 
translation  of  LRRK2  was  turned  on  in  response  to  DOX  in  a  268 
precise  and  dose-dependent  manner  (Fig.  1).  The  expression  269 
of  LRRK2  mRNA  in  sodium  butyrate-differentiated  270 
MN9DLRRK2wt  cells  followed  a  similar  induction  profile  271 
as  the  undifferentiated  cells  (Fig.  1A,  top  right).  The  expres-  272 
sion  level  of  LRRK2  mRNA  in  both  undifferentiated  (Fig.  1  A,  273 
top  left)  and  differentiated  MN9DLRRK2WT  cells  (Fig.  1A,  274 

top  right)  increased  approximately  10-fold  in  response  to  275 
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Fig.  1  Doxycycline  (DOX)-induced  LRRK2  expression  in 
MN9DLRRK2WT  and  MN9DLRRK2G2019S  cells.  DOX  was  added 
to  the  culture  media  48  h  before  harvesting  using  an  RNA/DNA/Protein 
Purification  Kit  (Norgen,  Thorold,  ON,  Canada).  For  differentiated  cells, 
cells  were  treated  with  2  mM  sodium  butyrate  for  6  days  before  the 
addition  of  DOX.  a  Quantitative  real-time  reverse  transcription-polymer¬ 
ase  chain  reaction  was  performed  to  measure  LRRK2  messenger  RNA 
(mRNA)  levels  of  DOX-induced  undifferentiated  and  differentiated 


MN9DLRRK2WT  (top  panels)  or  MN9DLRRK2G2019S  (bottom 
panels)  cells,  b  Western  blot  analysis  of  LRRK2  expression  upon  DOX 
induction.  For  MN9DLRRK2WT  cells,  20  pg  of  total  protein  was  loaded 
for  each  sample;  for  MN9DLRRK2G2019S  cells,  5  pg  of  total  protein 
was  loaded  for  each  sample.  [3-Actin  was  used  as  a  loading  control. 
Quantitative  determinations  of  intensities  of  LRRK2  signals  normalized 
to  [3-actin  were  shown  at  the  bottom  of  the  Western  blot 
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DOX  over  the  range  of  200^-000  ng/mL.  The  DOX-induced 
LRRK2  protein  expression  in  MN9DLRRK2WT  cells  was  also 
dose-dependent  (Fig.  IB,  left).  Both  undifferentiated  and  dif¬ 
ferentiated  MN9DLRRK2G2oi9s  cells  displayed  a  similar  dose- 
dependent  induction  of  LRRK2  gene  and  protein  expression 
(Fig.  1A,  bottom  panels,  Fig.  IB,  right)  as  MN9DLRRK2WT 
cells.  However,  the  induction  of  LRRK2  mRNA  expression  in 
both  undifferentiated  (Fig.  1A,  bottom  left)  and  differentiated 
MN9DLRRK2G20i9s  cells  (Fig.  1A,  bottom  right)  was  much 
greater  than  in  the  MN9DLRRK2WT  cells,  with  approximately 
120-fold  mRNA  induction  in  undifferentiated  and  40-fold  in¬ 
duction  in  differentiated  cells  in  response  to  DOX.  No  human 
or  mouse  LRRK2  protein  was  detected  in  MN9D  parental  cells, 
which  are  of  mouse  origin,  with  or  without  DOX  treatment 
(data  not  shown). 

Cellular  Expression  Pattern  of  Human  LRRK2 
in  MN9DLRRK2  Cell  Lines 

The  stably-expressing  cell  lines  were  examined  for  the  cellular 
pattern  of  human  LRRK2  by  immunocytochemistry.  Stable 
cell  lines  grown  on  coverslips  and  differentiated  to  a  neuronal 
phenotype  for  6  days  with  sodium  butyrate  were  either  in¬ 
duced  with  DOX  or  remained  uninduced  (no  DOX).  Forty- 
eight  hours  later,  cells  were  subjected  to  immunocytochemis¬ 
try  staining  for  human  LRRK2.  The  human  LRRK2  (Fig.  2 A, 


Fig.  2  LRRK2 

immunocytochemistry.  a  LRRK2 
was  detected  (red)  only  in 
doxycycline  (DOX)  induced  (+) 
green  fluorescent  protein  (GFP) 
positive  (green) 
MN9DLRRK2wt  and 
MN9DLRRK2G2oi9s  cells 
compared  with  cells  grown  in  the 
absence  of  DOX  (-).  b  LRRK2 
was  expressed  in  the  neurites  of 
sodium  butyrate-differentiated 
DOX-induced  cells.  Parts  of  the 
image  showing  the  neurites  are 
enlarged  to  show  LRRK2 
expression.  Image  acquisition 
was  with  40 x  magnification;  scale 
bar  is  10  pm.  DAPI 4’, 6- 
diamidino-2-phenylindole 


red)  was  detected  only  in  DOX-induced  (+),  GFP-positive 
(Fig.  2A,  green)  MN9DLRRK2WT  and  MN9DLRRK2G20i9s 
cells  (Fig.  2A).  The  LRRK2  expression  appears  cytosolic, 
with  little  or  no  nuclear  staining.  There  was  no  significantly 
enriched  subcellular  expression  of  LRRK2  noted.  LRRK2 
was  also  detected  in  neurites  following  sodium  butyrate  dif¬ 
ferentiation  (Fig.  2B).  A  marked  blunting  of  neurite  outgrowth 
was  observed  in  MN9DLRRK2G2oi9s  expressing  cells,  a  phe¬ 
notypic  feature  studied  in  subsequent  experiments  (see  Fig.  4). 

LRRK2  Effects  on  Cell  Viability 

The  cell  viability  of  MN9DLRRK2WX  and  MN9DLRRK2G2oi9s 
cells  following  LRRK2  induction  only  or  in  combination  of 
the  addition  of  toxicants  (MPP+  or  lactacystin)  were  evaluated 
using  a  MTS  assay.  When  LRRK2  was  induced  in  the 
MN9DLRRK2WT  cells,  viability  increased  in  a  DOX  dose- 
dependent  manner  relative  to  uninduced  cells  (Fig.  3A,  PBS). 
When  MN9DLRRK2WT  were  challenged  with  cytotoxic  doses 
of  MPP+  (Fig.  3A,  MPP+),  LRRK2  WT  induction  increased 
cellular  viability  in  a  DOX  dose-dependent  fashion.  Cell  viability 
with  lactacystin  treatment  was  not  different  between  DOX  treat¬ 
ment  groups  (Fig.  3A,  lactacystin).  In  contrast,  DOX  induction 
of  mutant  LRRK2  expression  (MN9DLRRK2G20i9s)  resulted  in 
no  changes  in  cellular  viability  at  baseline  or  following  toxicant 
challenge  (Fig.  3B).  Similar  results  were  obtained  with  the 
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Q10  Fig.  3  Cell  viability  of 

MN9DLRRK2wt  and 
MN9DLRRK2G2oi9s  lines  in 
response  to  LRRK2  induction 
only  or  in  combination  with  MPP 
+  or  lactacystin.  a 
MN9DLRRK2wt  cells  were 
plated  in  a  96-well  configuration 
and  induced  with  250  ng/mL  or 
2000  ng/mL  doxycycline  (DOX) 
for  48  h,  followed  by  incubation 
with  either  phosphate  buffered 
saline  (PBS),  500  pM  MPP  +  or 
5  pM  lactacystin.  Cell  viability 
was  determined  by  an  MTS  assay, 
b  MN9DG2oi9s  cells  were  plated 
in  96-well  configuration  and 
induced  with  250  ng/mL  or 
2000  ng/mL  DOX  for  48  h, 
followed  by  incubation  with 
either  PBS,  500  pM  MPP  +  or 
5  pM  lactacystin.  Cell  viability 
was  determined  by  an  MTS  assay. 
*/?<0.05  vs  No  DOX;  one-way 
analysis  of  variance 
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Q9  324  lactate  dehydrogenase  cytotoxicity  assay  (i.e.,  DOX  induction  of 

325  LRRK2  WT,  but  not  LRRK2  G2019S,  increased  cellular  viabil- 

326  ity  over  time  (data  not  shown). 

327  LRRK2  G2019S  Expression  Blunts  Neurite  Extension  and  is 

328  Reversed  by  Treatment  With  Kinase  Inhibitor  IN-1 

329  Sodium  butyrate-differentiated  MN9DLRRK2  cells  were 

330  induced  with  DOX  and  examined  for  neurite  extension 

331  (Fig.  4).  Quantitative  neurite  extension  was  undertaken 

332  at  48  (Fig.  4A)  and  96  h  (Fig.  4B)  with  (+DOX)  or  without 

333  DOX  induction.  MN9DLRRK2G2oi9s  (G2019S),  but  not 

334  MN9DLRRK2wt  (WT),  cells  showed  a  statistically  signifi- 

335  cant  blunting  of  neurite  extension  only  when  LRRK2  was 

336  induced  by  DOX.  Photomicrographs  of  MN9D  neurites  from 


the  different  cell  lines  under  the  different  conditions  are  shown  337 
in  Fig.  4C.  338 

A  specific  and  potent  kinase  inhibitor,  IN-1  [38],  was  339 
examined  to  determine  whether  inhibition  of  LRRK2  340 
G2019S  activity  would  alter  the  pathobiologic  neurite  341 
phenotype.  We  first  confirmed  that  IN-1  would  reduce  342 
LRRK2  phosphorylation  of  endogenous  serine  residues  343 
at  positions  910  and  935  (Fig.  5 A).  As  anticipated,  344 
phosphorylation  of  both  sites  was  reduced  in  an  IN-1  345 
concentration-dependent  manner.  Following  immunocyto-  346 
chemistry  for  beta-tubulin  III,  we  noted  that  blunted  neurite  347 
extension  mediated  by  FRRK2  G2019S  overexpression  was  348 
rescued  by  IN-1  treatment  (Fig.  5B).  Quantitative  neurite  349 
extension  studies  confirmed  the  morphological  changes  and  350 
showed  that  the  blunted  neuritic  phenotype  was  abrogated  by  351 
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48h 


Fig.  4  Neurite  length  is  shortened  in  MN9DLRRK2G2oi9s  cells  with 
doxycy cline  (DOX)  induction  of  LRRK2  G2019S.  MN 9DLRRK2 wx  or 
MN9DLRRK2G2oi9s  cells  were  plated  on  polyethylenemine-coated  12- 
mm  coverslips  in  a  24-well  plate  and  differentiated  with  2  mM  sodium 
butyrate  for  6  days.  DOX  (250  ng/mL)  was  added  to  the  cells  to  induce 
LRRK2  expression  for  48  h  (a)  or  96  h  (b).  Cells  were  fixed  and 


352  IN-1  at  both  100  and  500  nM.  These  data  demonstrate  that 

353  MN9DLRRK2G2oi9s  cells  have  an  (DOX)  inducible  neuritic 

354  phenotype  (i.e.,  shorter  length)  that  can  be  largely  reversed  by 

355  a  potent  and  specific  inhibitor  of  LRRK2,  IN-1 . 

356  LRRK2  G2019S  Mediated  Blunting  of  Neurite  Length 

357  is  Reversed  by  Allele-Specific  RNAi 

358  Undifferentiated  and  differentiated  MN9DLRRK2  cells  were 

359  transduced  with  lentiviral  constructs  (multiplicity  of 

360  infection =50)  expressing  a  shRNA  directed  against  the 

361  G2019S  allele  (p4)  or  a  sequence  scrambled  control.  PBS 

362  treatment  was  also  included  as  a  control  for  lentivims 

363  transduction.  In  both  undifferentiated  and  differentiated 

364  MN9DLRRK2G2oi9s  cells  lentiviral  transduction  of  allele- 

365  specific  p4,  but  not  the  control  scrambled  sequence,  resulted 


C 


WT  I  VVT+DOX 


G20195  I  G2D19S+DOX 


immunocytochemically  stained  for  f3 -tubulin.  For  each  coverslip,  pictures 
of  8  fields  were  taken  and  lengths  of  all  neurites  were  measured  with 
Nikon  NIS  Elements  software.  *p< 0.05  vs  control;  one-way  analysis  of 
variance,  c  Representative  images  of  differentiated  MN9DLRRK2WT  or 
MN9DLRRK2G20i9s  cells  with  [wild-type  (WT)  +  DOX,  G2019S+- 
DOX]  or  without  (WT,  G2019S)  DOX  induction  are  presented 


in  decreased  expression  of  LRRK2  G2019S  messenger  RNA 
(mRNA)  (Fig.  6A).  By  contrast,  p4  transduction  of 
MN9DLRRK2WT  produced  no  significant  decline  in  LRRK2 
WT  mRNA  content  in  either  undifferentiated  or  differentiated 
cells  (Fig.  6B).  Furthermore,  the  allele-specific  knockdown  of 
G2019S  gene  product  led  to  a  decrease  in  LRRK2  protein 
expression  in  MN9DLRRK2G2oi9s  (Fig-  6C),  but  not  in 
MN9DLRRK2WT  cells  (Fig.  6D).  In  addition,  the  LRRK2 
phosphorylation  at  amino  acids  910  and  935  was  decreased 
in  p4  transduced  MN9DLRRK2G20i9s  (Fig.  6E),  but  not  in  the 
MN9DLRRK2WT  cells  (Fig.  6F).  Last,  we  addressed  whether 
lentiviral  transduction  could  reverse  the  blunted  neuritic  phe¬ 
notype  engendered  by  LRRK2  G2019S  induction.  As  shown 
in  Fig.  6G,  transduction  with  lentiviral  p4  shRNA,  but  not  the 
scrambled  shRNA,  reversed  the  neuritic  shortening  in  DOX- 
induced  differentiated  MN9DLRRK2G2oi9s  cells. 
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Fig.  5  Evaluation  of  the  LRRK2  inhibitor,  IN- 1 ,  in  MN9DLRRK2G2oi9s 
cells,  a  The  LRRK2  inhibitor  IN-1  decreases  LRRK2  phosphorylation  at 
amino  acids  910  and  935.  MN9DLRRK2G2oi9s  cells  were  treated  with 
kinase  inhibitor  IN-1  at  various  concentrations  (30,  100,  300,  and 
3000  nM)  for  90  mins  followed  by  Western  blot  analysis  of  total  LRRK2, 
phosphor-LRRK2  at  910  and  935  expression.  Equal  amounts  of  total 
protein  were  loaded  for  each  sample,  b  Neurite  length  shortening  is 
reversed  in  MN9DLRRK2G20i9s  cells  with  the  addition  of  the  LRRK2 
inhibitor  IN-1.  MN9DLRRK2G2019S  cells  were  plated  on 
polyethylenemine-coated  12-mm  coverslips  in  a  24-well  plate  and  differ¬ 
entiated  with  2  mM  sodium  butyrate  for  6  days.  Doxycycline  (DOX) 


(250  ng/mL)  was  added  to  the  cells  to  induce  LRRK2  G2019S  expression 
for  48  h  followed  by  the  addition  of  IN-1  (100  nM  or  500  nM).  Twenty- 
four  hours  later,  cells  were  fixed  and  immunocytochemically  stained  for 
|3 -tubulin.  Representative  images  are  presented  for  the  IN-1  treatment  at 
the  concentration  of  0  (+DOX),  100  nM  and  500  nM.  c  Quantitative 
measurements  of  neurite  lengths  of  MN9DLRRK2G2019S  cells.  For  each 
coverslip,  pictures  of  8  fields  were  taken  and  lengths  of  all  neurites  were 
measured  using  Nikon  NIS  Elements  software.  MN9DLRRK2G20i9s 
without  DOX  induction  (no  DOX)  was  used  as  a  control.  *p<0.05  vs 
control;  **p<0.01  vs  control;  one-way  analysis  of  variance.  GAPDH 
glyceraldehyde  3 -phosphate  dehydrogenase 


Discussion 

The  MN9DLRRK2  cell  lines  described  herein  can  be  used  to 
study  LRRK2  biology  and  serve  as  a  cellular  platform  for 
LRRK2  therapeutics  development.  In  the  case  of  PD,  there 
have  been  several  LRRK2  animal  models  reported  that  in¬ 
clude  animals  from  invertebrates  to  nonhuman  primates  [44]; 
however,  none  demonstrate  the  progressive  degenerative  fea¬ 
tures  of  human  PD.  Such  animal  models  may  be  useful  for 
examination  of  specific  questions  of  gene  product  function 
and/or  disease  pathogenesis,  but  appear  limited  in  that  they  do 
not  recapitulate  the  many  features  of  PD.  To  initiate  therapeu¬ 
tics  development  it  is  optimal  to  have  a  model  where  the 
cellular  content  of  a  putatively  pathogenic  mutant  gene  prod¬ 
uct  can  be  compared  across  a  range  of  steady-state  levels.  In 
addition,  a  comparator  line  harboring  the  nonmutant  or  WT 
version  of  the  same  gene  product  is  ideal  to  ensure  that  the 
pathophysiology  attributed  to  the  mutant  gene  product  can  be 
distinguished,  if  possible,  from  that  due  to  expression  of  the 
WT  form. 

Human  LRRK2  PD-associated  mutations  are  manifest  as 
autosomal  dominant  [4],  and  account  for  a  substantial  propor¬ 
tion  of  familial  PD  and  also  are  implicated  in  sporadic  PD 
[5-10].  Additionally,  genome-wide  association  studies  studies 


have  identified  a  single  nucleotide  polymorphism  closely 
linked  to  the  LRRK2  locus,  suggesting  a  potential  role  in 
sporadic/idiopathic  PD  [45].  LRRK2 -targeted  therapeutics 
development  appears  to  be  a  promising  avenue  for  the  poten¬ 
tial  treatment  of  symptomatic  G2019S  gene  carriers.  In  some 
studies  mutant  LRRK2,  particularly  G2019S,  is  cytotoxic 
when  over-expressed  in  cultured  cells  [18,  46],  Drosophila 
[30,  47],  Caenorhabditis  elegans  [12],  and  viral  vector  trans¬ 
duced  mice  [21];  however,  no  apparent  neuronal  loss  was 
observed  in  transgenic  mice  carrying  LRRK2  mutant  genes 
alone  [48-50].  This  discordance  raises  the  question  as  to  what 
levels  of  LRRK2  gene  product  are  most  relevant  for  the  study 
of  PD  pathogenesis  and  also  for  therapeutics  development. 

In  our  study,  we  generated  inducible  stable  cell  lines  express¬ 
ing  LRRK2  G2019S ,  using  a  previously  reported  bicistronic  and 
auto-regulated  stable  transfection  strategy  [3  9^4 1  ] .  The  parental 
MN9D  cell  line  used  to  make  inducible  stable  cell  lines  was 
selected  because  of  its  dopaminergic  properties  when  differen¬ 
tiated  [51]  and  because  its  murine  origins  allow  for  the  detec¬ 
tion,  with  appropriate  Abs,  of  introduced  genes  expressing 
human  LRRK2.  We  studied  the  following  characteristics  of 
the  MN9DLRRK2  stably  transfected  cell  lines:  LRRK2  expres¬ 
sion  at  the  mRNA  and  protein  levels,  lactate  dehydrogenase 
release,  MTS  reduction  cell  viability,  cellular  morphology, 
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QH  Fig.  6  Evaluation  of  small  hairpin  RNA  (shRNA)p4-mediated  allele 

specific  knockdown  of  LRRK2  G2019S  in  MN9DLRRK2G2oi9s  cells, 
a  The  shRNAp4,  but  not  scrambled  shRNA  (Scr  shRNA),  significantly 
decreased  LRRK2  G2019S  messenger  RNA  (mRNA)  levels  in  both 
undifferentiated  and  differentiated  MN9DLRRK2G2oi9s  cells.  Only  the 
shRNAp4  exhibited  a  significant  decrease  in  LRRK2  mRNA  level 
[**/?<  0.01,  one-way  analysis  of  variance  (ANOVA)].  Cell  differentiation 
was  induced  by  treating  MN9DLRRK2G2019S  cells  with  2  mM  sodium 
butyrate  for  6  days  before  transduction.  Cells  were  then  processed  in  the 
same  way  as  undifferentiated  cells.  Similar  to  undifferentiated  cells,  only 
the  shRNA  p4  exhibited  significant  decrease  in  LRRK2  mRNA  level 
(**p<0.01  one-way  ANOVA).  b  The  shRNAp4  did  not  inhibit  wild-type 
(WT)  LRRK2  expression.  No  significant  difference  in  LRRK2  mRNA 
level  was  observed  in  these  experimental  groups.  Error  bars  indicate  the 
standard  error  of  the  mean  and  represent  3  independent  experiments,  c 
Western  blot  showing  a  decrease  of  LRRK2  G2019S  protein  in  Lenti- 
shRNAp4-transduced  MN9DLRRK2G2019S  cells.  p-Actin  is  used  as  a 
loading  control.  Quantitative  determinations  of  intensities  of  LRRK2 
signals  normalized  to  p-actin  were  shown  at  the  bottom  of  the  Western 


blot,  d  Western  blot  showing  no  change  of  WT  LRRK2  protein  in  lenti- 
shRNAp4-transduced  MN9DLRRK2WX  cells.  P-Actin  is  used  as  a  load¬ 
ing  control.  Quantitative  determinations  of  intensities  of  LRRK2  signals 
normalized  to  P-actin  were  shown  at  the  bottom  of  the  Western  blot,  e 
Western  blot  showing  decreases  of  LRRK2  phosphorylation  at  amino 
acids  910  and  935  in  lenti-shRNAp4-transduced  MN9DLRRK2G2019S 
cells,  but  not  in  (f)  MN9DLRRK2WT  cells,  g  Neurite  length  shortening  is 
reversed  in  MN9DG20i9s  cells  following  lenti-shRNAp4  transduction. 
MN9DLRRK2G2019S  cells  were  plated  on  polyethylenemine-coated  12- 
mm  coverslips  in  a  24-well  plate  and  differentiated  with  2  mM  sodium 
butyrate  for  6  days.  Forty-eight  hours  before  transduction,  doxycycline 
(DOX)  (250  ng/mL)  was  added  to  the  cells  to  induce  LRRK2  G2019S 
expression.  Seventy-two  hours  after  transduction,  cells  were  fixed  and 
immunocytochemically  stained  for  P-tubulin.  For  each  coverslip,  pictures 
of  8  fields  were  taken  and  lengths  of  all  neurites  were  measured  using 
Nikon  NIS  Elements  software.  MN9DLRRK2G2019S  without  DOX  in¬ 
duction  (no  DOX)  was  used  as  a  control.  **/?<0.01  vs  control;  one-way 
ANOVA 


429  LRRK2  interaction  with  toxicants  MPP  +  and  lactacystin, 

430  effects  of  LRRK2  kinase  inhibitor  treatment,  and  effects  of 

431  LRRK2  G2019S  allele-specific  shRNA  gene  knockdown. 


We  showed  that  increased  expression  of  WT  LRRK2  in  432 
MN9DLRRK2wt  cells  caused  an  apparent  increase  in  cell  433 
viability.  No  significant  change  in  cell  viability  was  observed  434 
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435  when  LRRK2  was  induced  in  MN9DLRRK2G2oi9  cells.  When 

436  MN 9DLRRK2 wr  cells  were  challenged  with  MPP  +  there  was 

437  significant  decline  in  cell  viability  in  the  absence  of  LRRK2 

438  induction  and,  interestingly,  cell  viability  significantly  increased 

439  when  LRRK2  was  induced.  MPP  +  treatment  produced  sub- 

440  stantial  decline  in  cell  viability  in  MN9DLRRK2G2oi9s  cells 

441  that  was  not  ameliorated  by  the  induction  of  LRRK2.  It 

442  appeared  that  LRRK2  WT  provided  protection  against  a  neu- 

443  rotoxin  that  caused  mitochondrial  dysfunction.  These  observa- 

444  tions  were  in  line  with  the  recent  C.  elegans  study,  which 

445  showed  that  LRRK2  WT,  but  not  LRRK2  mutant,  protected 

446  dopaminergic  neurons  against  rotenone  or  paraquat  toxicity, 

Q12  447  agents  which  compromise  [52].  The  underlying  mechanisms 

448  by  which  LRRK2  WT  protected  mitochondrial  dysfunction 

449  remained  to  be  determined.  The  MN9DLRRK2  cell  models 

450  enable  further  studies  on  the  association  of  LRRK2  action 

451  and  mitochondrial  function.  In  both  MN9DLRRK2WT  and 

452  MN9DLRRK2G20i9s  cells  treatment  with  lactacystin,  a 

453  proteosomal  inhibitor,  caused  a  decline  in  cell  viability  that 

454  was  unaffected  by  induction  of  either  WT  or  G2019S  mutant 

455  LRRK2,  suggesting  that  in  the  MN9D  cellular  context  LRRK2 

456  does  not  affect  proteosome  function. 

457  We  also  studied  the  effect  of  LRRK2  expression  on  MN9D 

458  neurite  outgrowth  after  differentiation  with  sodium  butyrate. 

459  As  reported  by  other  investigators  in  different  cell  types 

460  [53-59],  we  also  observed  that  the  overexpression  of  LRRK2 

461  G2019S  results  in  shortened  neuritic  extensions.  We  explored 

462  potential  molecular  contributors  to  this  pathogenic  neuritic 

463  phenotype.  We  sought  to  determine  whether  ERM  phosphor- 

464  ylation  may  be  involved  given  that  in  LRRK2  G2019S  trans- 

465  genic  hippocampal  neurons  axonal  length  was  reduced  and 

466  required  increased  ERM  phosphorylation  [58].  However,  in 

467  differentiated  and  DOX-induced  MN9DLRRK2G2019S  cells 

468  no  change  in  overall  ERM  or  ERM  phosphorylation  levels 

469  were  observed  (data  not  shown).  Unlike  primary  hippocampal 

470  neurons  that  manifest  marked  axonal  and  dendritic  features, 

471  MN9D  neurites  are  less  functionally  specified  [51].  Whether 

472  neurite  blunting,  which  occurs  in  the  absence  of 

473  MN9DLRRK2G20i9s  cell  death,  is  due  to  specific  changes 

474  that  alter  the  cytoskeleton  and/or  produce  metabolic  dysfunc- 

475  tion  is  not  known. 

476  One  of  the  goals  for  construction  of  the  LRRK2  MN9D  cell 

477  lines  was  to  study  candidate  therapeutic  strategies  directed 

478  against  the  LRRK2  target.  The  G2019S  mutant  form  of 

479  LRRK2  conveys  an  increase  in  kinase  activity  compared  with 

480  the  WT  [13,  18,  23,  29,  30,  46,  60-63].  Not  surprisingly,  the 

481  causal  role  of  dysregulated  kinase  activity  of  G2019S  has 

482  spawned  interest  in  the  development  of  kinase  inhibitors, 

483  which,  if  potent  and  specific,  represent  disease-modifying 

484  therapeutics  for  PD  patients  harboring  the  LRRK2  G2019S 

485  allele.  One  pharmacophore,  IN-1  kinase  inhibitor,  was  de- 

486  scribed  by  Deng  et  al.  [38]  as  having  an  IC50  in  the  low  nM 

487  range  and  high  specificity  for  LRRK2  [38].  We  evaluated  IN- 


1  in  both  MN9DLRRK2wt  and  MN9DLRRK2G2019S  cell  488 
lines.  The  data  indicate  that  IN-1  does  inhibit  LRRK2  phos-  489 
phorylation  at  both  S9 1 0  and  S93 5  without  affecting  the  levels  490 
of  total  LRRK2  protein.  In  addition,  we  tested  whether  491 
LRRK2  G2019S  inhibition  would  reverse  the  pathogenic  492 
action  of  dysregulated  kinase  activity.  Our  observations  indi-  493 
cate  that  this  was,  indeed,  the  case.  Notably,  IN-1  reversed  the  494 
neurite  blunting  phenotype  in  a  dose-dependent  manner.  The  495 
literature  suggests  that  S910  and  S935  are  autophosphoryl-  496 
ation  sites  on  LRRK2  [64—66],  although  recent  work  reveals  497 
that  SI 292,  at  least  in  some  cellular  contexts,  is  also  a  498 
pathogenically  relevant  LRRK2  autophophosphorylation  site  499 
[34].  The  IN-1  dose-dependent  reduction  of  phosphoserine  500 
residues  on  LRRK2  in  both  cell  lines  support  their  use  in  the  501 
prosecution  of  small  molecule  kinase  inhibitors.  The  ability  to  502 
independently  modulate  LRRK2  levels  during  cell-based  drug  503 
discovery  efforts  is  another  advantage  of  the  MN9DLRRK2  504 
cell  lines  in  that  LRRK2 -mediated  pathophysiological  effects,  505 
and  kinase  inhibitor  interdiction,  may  be  more  readily  discov-  506 
ered  at  particular  steady-state  levels  of  LRRK2.  507 

The  MN9DLRRK2G20i9s  cell  line  was  also  used  to  evalu-  508 
ate  LRRK2  transcript  knockdown  promoted  by  lentiviral  509 
transduction  of  shRNAs  targeting  the  mutant  allele.  The  re-  510 
suits  indicate  that  the  p4  shRNA  was  effective  in  decreasing  511 
G2019S  mRNA  and  protein  levels  in  both  undifferentiated  512 
and  differentiated  MN9DLRRK2G2019S  cells.  In  addition,  we  513 
showed  that  p4  was  allele  specific  as  it  did  not  decrease  WT  514 
LRRK2  expression.  Most  importantly,  the  neurite  blunting  515 
phenotype  engendered  by  LRRK2  G2019S  was  reversed  by  516 
lentiviral  p4  transduction.  Prior  work  using  RNA  interference,  517 
introduced  by  transient  transfection,  has  made  evident  that  the  518 
G2019S  target  sequence,  when  embedded  in  a  synthetic  sub-  519 
strate,  can  be  effectively  targeted  relative  to  WT  sequence  520 
[43].  Our  results  with  shRNA  transduced  by  lentiviral  vector  521 
are,  to  our  knowledge,  the  first  demonstration  of  allele  selec-  522 
tive  knockdown  of  a  native  G20 1 9  S  transcript  and,  important-  523 
ly,  the  reduction  in  mutant  gene  product  levels.  This  finding  524 
portends  the  rapid  extrapolation  of  these  constmcts  into  an  525 
in  vivo  model.  526 

Our  key  finding,  blunted  neurites  upon  G2019S  induction  527 
without  cytotoxicity,  is  in  agreement  with  other  reported  re-  528 
suits.  Dachsel  et  al.  [59]  observed  that  expression  of  the  529 
G2019S  mutant  in  primary  neurons  from  transgenic  mice  530 
resulted  in  diminished  neurite  outgrowth  and  branching  [59].  531 

Similarly,  in  transfected  primary  rat  cortical  neurons  the  532 
forced  expression  of  LRRK2  G20 1 9S  also  resulted  in  neuritic  533 
shortening  [56].  In  MN9D  cells,  the  induction  of  mutant  534 
G2019S  gene  does  not  cause  cytotoxicity.  While  other  inves-  535 
tigators  have  reported  toxicity  when  LRRK2  is  overexpressed  536 
this  may  be  function  of  the  levels  of  gene  product.  In  our  537 
stably  transfected  MN9DLRRK2G2019S  cell  line  we  observed  538 
a  greater  than  40-fold  increase  in  transcript  level  and  marked  539 
elevation  of  gene  product.  Unlike  transiently  transfected  cells  540 
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541  these  MN9DLRRK2G2oi9s  cells  are  selected  for  an  integrated 

542  transgene  and  expanded  in  the  absence  of  DOX.  Whether  this 

543  process  of  cell  line  construction  or,  alternatively,  the  nature  of 

544  fusion  cell  line  account  for  the  absence  of  G2019S  toxicity  is 

545  unknown. 

546  Our  inducible  stable  MN9D  cell  lines  appear  useful  for  the 

547  study  of  LRRK2  biology  in  the  context  of  a  dopaminergic 

548  background  and  over  a  range  of  gene  product  levels.  The 

549  absence  of  cytotoxicity  and  presence  of  a  neuritic  blunting 

550  phenotype  in  the  MN9DLRRK2G2oi9s  cells  enable  their  use 

551  for  the  evaluation  of  candidate  therapeutics,  small  molecule 

552  kinase  inhibitors,  and  also  RNA  interference  strategies. 
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